Freeze tolerance, the ability to survive internal ice formation, facilitates survival of some insects in cold habitats. Low-molecular-weight cryoprotectants such as sugars, polyols and amino acids are hypothesized to facilitate freeze tolerance, but their in vivo function is poorly understood. Here, we use a combination of metabolomics and manipulative experiments in vivo and ex vivo to examine the function of multiple cryoprotectants in the spring field cricket Gryllus veletis. Cold-acclimated G. veletis are freeze-tolerant and accumulate myo-inositol, proline and trehalose in their haemolymph and fat body. Injecting freeze-tolerant crickets with proline and trehalose increases survival of freezing to lower temperatures or for longer times. Similarly, exogenous myo-inositol and trehalose increase ex vivo freezing survival of fat body cells from freeze-tolerant crickets. No cryoprotectant (alone or in combination) is sufficient to confer freeze tolerance on non-acclimated, freeze-intolerant G. veletis. Given that each cryoprotectant differentially impacts survival in the frozen state, we conclude that small cryoprotectants are not interchangeable and likely function non-colligatively in insect freeze tolerance. Our study is the first to experimentally demonstrate the importance of non-colligative cryoprotectant function for insect freeze tolerance both in vivo and ex vivo, with implications for choosing new molecules for cryopreservation.
Introduction
Ectotherms overwintering in temperate regions risk freezing of their body fluids, which is lethal in most cases [1] . Most insects are chill-susceptible and are killed by low temperatures regardless of whether ice forms, while other insects are freeze-avoidant and will survive sub-zero temperatures unless their body fluids freeze [2] . Remarkably, some insects are freeze-tolerant and survive internal ice formation [2] . Many freeze-tolerant insects have a high supercooling point (SCP; the temperature at which ice formation begins) and will survive in the frozen state until cooled below their lower lethal temperature (LLT) or kept frozen beyond their lethal time (Lt) [3] . Despite observations of insect freeze tolerance dating back nearly 300 years, we have a limited understanding of the physiological mechanisms that underlie the ability to withstand internal ice formation [3] .
Most cold-tolerant insects accumulate low-molecular-weight cryoprotectants such as polyols (e.g. glycerol), sugars (e.g. trehalose) or amino acids (e.g. proline) [2, 3] , which can also be used in cryopreservation of mammalian cells and tissues. However, no single cryoprotectant or group of cryoprotectants is accumulated by all freeze-tolerant insects. For example, most orders of freeze-tolerant insects accumulate more than 100 mM glycerol [3] [4] [5] , but glycerol is absent or at low (less than 20 mM) concentrations in the drosophilid fly Chymomyza costata [6] and freeze-tolerant orthopterans (crickets and their relatives) [7, 8] . Thus, it is & 2019 The Author(s) Published by the Royal Society. All rights reserved.
difficult to draw inferences about whether these cryoprotectants are necessary or sufficient for freeze tolerance based on comparisons among species. Cryoprotectant manipulation in vivo has demonstrated that proline and trehalose likely function in freeze tolerance. Elevated whole body proline concentrations (via a high proline diet) improve survival of frozen C. costata larvae to lower temperatures [6] and confer freeze tolerance on (normally chill-susceptible) Drosophila melanogaster larvae [9] . Similarly, injection of trehalose into larvae of the Antarctic midge Belgica antarctica improves survival of freezing stress [10] . However, it is not clear whether these different cryoprotectants contribute to freeze tolerance via similar or unique mechanisms.
We have previously hypothesized that freeze-tolerant insects must withstand several challenges associated with low temperatures and internal ice formation [3] . As temperature decreases, so does the stability of membranes and proteins, while ice content (and associated dehydration stress) increases, potentially damaging cells and their components [3, 11, 12] . Once ice content equilibrates at a stable temperature, ice content does not change, but ice crystals may grow via recrystallization, which could cause mechanical damage [3, 4] . In addition, cellular metabolism may continue in the frozen state, resulting in a build-up of harmful metabolites [3, 13] . Mortality at the LLT and Lt may be caused by these temperature-and time-dependent processes, respectively. Cryoprotectants may facilitate freeze tolerance mechanisms by mitigating some of these challenges.
There are two main (but not mutually exclusive) hypotheses for the function of low-molecular-weight cryoprotectants in freeze tolerance: (1) cryoprotectants minimize damage in a concentration-dependent (colligative) manner, for example, by reducing ice content; and (2) cryoprotectants improve cell survival via non-colligative means (e.g. by directly protecting macromolecules such as proteins and membranes [2] ). In support of hypothesis 1, high cryoprotectant concentrations (e.g. approx. 300 mM glycerol in the woolly bear caterpillar Pyrrharctia isabella) are correlated with high haemolymph osmolality and low ice content at mild subzero temperatures (less than 50% of body water converted to ice [3, 14] ). Hypothesis 2 is supported by in vitro and ex vivo experiments. In vitro, trehalose and proline reduce membrane disruption during freezing [15] ; and sugars [16] , amino acids [17] and glycerol [18] can help maintain protein structure by stabilizing their hydration shell. Glycerol also improves survival of Chilo suppressalis fat body [19] and P. isabella foregut cells [20] frozen ex vivo. However, there is currently limited support for either hypothesis in vivo.
Many freeze-tolerant insects accumulate multiple cryoprotectants, and our ability to detect these molecules has improved with advances in metabolomics [5] . For example, the goldenrod gall fly Eurosta solidaginis accumulates glycerol, sorbitol and trehalose [21] , and the New Zealand alpine weta Hemideina maori accumulates proline and trehalose [22] . We can use these multi-cryoprotectant systems to test hypotheses about cryoprotectant function. If cryoprotectants predominantly contribute to freeze tolerance via colligative mechanisms, we expect different cryoprotectants to be functionally interchangeable. For example, high in vivo concentrations of any cryoprotectant would reduce ice content as a 'compatible osmolyte', reducing cellular dehydration [23] and thereby facilitating survival of freeze-tolerant insects to lower temperatures. Conversely, if cryoprotectants have non-colligative roles in freeze tolerance, we predict that the impact of increased cryoprotectant concentrations on freeze tolerance could differ depending on the identity of that molecule.
We are developing the spring field cricket Gryllus veletis (Alexander & Bigelow) (Orthoptera: Gryllidae) as a model for studying the mechanisms underlying insect freeze tolerance [24, 25] . A six-week laboratory acclimation to autumn-like temperature and photoperiod induces freeze tolerance in late instar nymphs [25] . Acclimated crickets elevate their haemolymph osmolality, modify the temperature at which ice formation begins and survive freezing for up to one week at 288C (Lt), and to temperatures as low as 2128C (LLT) [25] . Freeze-tolerant G. veletis protect fat body cells from freeze injury in vivo (except at the lethal limits), and fat body tissue from freeze-tolerant crickets survives brief freeze treatments in vivo and ex vivo [25] . Conversely, fat body cells from freeze-intolerant G. veletis do not survive freezing [25] . Here, we use G. veletis to test hypotheses concerning the function of cryoprotectants in whole animal and cellular freeze tolerance. We identify putative low-molecular-weight cryoprotectants by comparing the metabolome of freeze-tolerant and freeze-intolerant G. veletis haemolymph and fat body tissue. We then test the cryoprotective function of multiple metabolites on crickets and their fat body cells by manipulating their concentrations in vivo and ex vivo. We hypothesized that cryoprotectants would confer freeze tolerance on freeze-intolerant G. veletis and their tissues and facilitate survival of freeze-tolerant crickets or their tissues frozen to lower temperatures or for longer times. The effects of each cryoprotectant on organismal and tissue freeze tolerance differed, and we provide evidence that these cryoprotectants probably contribute to freeze tolerance via non-colligative mechanisms.
Material and methods (a) Rearing and acclimation conditions
Our laboratory colony of G. veletis originated from individuals collected in 2010 from the University of Lethbridge campus, Alberta, Canada, and was reared as described recently [25] . We haphazardly assigned fifth-instar male G. veletis approximately eight weeks post-hatch to remain in rearing (control) conditions for six weeks or to undergo a six-week acclimation with decreasing temperature and photoperiod, mimicking autumn conditions in London, Ontario, Canada [25] . Crickets in control conditions were maintained at a constant temperature of 258C and 14 L : 10 D photoperiod. Control crickets do not survive a moderate freeze treatment approximately 18C below their SCP (288C for 1.5 h [25] ) and are hereafter referred to as freeze-intolerant. Crickets were acclimated in a Sanyo MIR 154 incubator (Sanyo Scientific, Bensenville, IL, USA) with temperature fluctuating daily between 12 h at high and 12 h at low temperatures. The high and low temperature decreased from 16/128C to 1/08C (high/low) over six weeks, and photoperiod decreased by 36 min per week (from 11.5 L : 12.5 D to 7.9 L : 16.1 D). Acclimated crickets survive a moderate freeze treatment [25] and are hereafter referred to as freeze-tolerant.
(b) Identifying putative cryoprotectants
We used targeted GC/LC-MS and GC-FID to quantify haemolymph and fat body concentrations of major low-molecular-weight metabolites (sugars, polyols and acidic metabolites) during six weeks of acclimation or control conditions [26] . We isolated royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190050 fifth-instar male nymphs into individual 180 ml plastic cups (Polar Plastics, Summit Food Distributors, London, ON, Canada) with mesh covering and shelters made from egg cartons and transferred them to acclimation or control conditions described above. We extracted 4 ml of haemolymph and dissected fat body tissue from crickets at zero, three and six weeks post-isolation. We briefly blotted fat body samples on tissue paper to remove haemolymph and then flash-froze samples in liquid nitrogen. Each biological replicate consisted of haemolymph or fat body tissue pooled from five crickets. We extracted metabolites from haemolymph and fat body samples in 70% ethanol [6] . Acidic metabolites (amino acids, organic acids, fatty acids) were derivatized by ethylchloroformate in pyridine/ethanol, extracted in chloroform (for GC-MS) or 30% methanol (for LC-MS) and quantified as described previously [26] . Samples for sugar and polyol quantification were derivatized by oximation and methylsilylation, dissolved in iso-octane and analysed by GC-FID [26] .
We compared the haemolymph and fat body metabolomes of crickets maintained under control or acclimation conditions using principal components analysis (PCA) in R version 3.4.1 [6, 27] . We centred and scaled metabolite concentrations prior to analysis by subtracting the mean and dividing by the standard deviation of each metabolite. We identified potential cryoprotectants as metabolites that were (1) influential in the PCA (i.e. had the largest loadings) or (2) abundant (greater than 10 mM or nmol mg 21 tissue) in freeze-tolerant crickets. We compared concentrations of potential cryoprotectants between freeze-tolerant and freezeintolerant crickets using one-way ANOVAs. In addition, we validated haemolymph concentrations in freeze-tolerant and freeze-intolerant crickets after six weeks of control or acclimation conditions (respectively) using spectrophotometric assays (see electronic supplementary material, methods) and compared these concentrations using one-tailed Welch's t-tests in R.
(c) In vivo manipulations of putative cryoprotectants
To determine the cryoprotective potential of myo-inositol, proline and trehalose, we tested whether elevated haemolymph concentrations of these metabolites affected freeze tolerance. We determined whether putative cryoprotectants could confer freeze tolerance by injecting freeze-intolerant crickets with metabolites and subjecting them to a moderate freeze treatment (288C for 1.5 h) that freeze-tolerant crickets typically survive [25] . We also tested whether putative cryoprotectants could improve freeze tolerance in combination with other changes during acclimation by injecting freeze-tolerant crickets with metabolites and freezing them to conditions that are normally lethal for freeze-tolerant crickets: the LLT (2128C for 1.5 h) or Lt (288C for 7 days) [25] .
To increase haemolymph concentrations of putative cryoprotectants, we injected 5 ml of metabolite in G. veletis Ringer's solution (160 mM NaCl, 11 mM KCl, 8.4 mM CaCl 2 , 5.9 mM MgCl 2 , 5 mM HEPES, pH 7.6) under the pronotum of freezeintolerant and freeze-tolerant crickets using a 10 ml gastight Hamilton syringe with a 30-gauge disposable needle (BD Canada, Mississauga, ON, Canada). Metabolite solutions included: 0.5 M myo-inositol, 2.5 M proline, 1.3 M trehalose and a combination of 0.5 M myo-inositol, 2 M proline and 1 M trehalose (Sigma Aldrich, Mississauga, ON, Canada). As a vehicle control, we injected crickets with 5 ml G. veletis Ringer's solution. To determine which properties of metabolites (e.g. size, functional groups, permeability to cells) were important for cryoprotective function, we also injected other polyols (5 M glycerol and 15% w/v PEG-8000 polyethylene glycol) and 2.5 M glucose, the monosaccharide monomer of trehalose (Sigma Aldrich). To verify successful injection of metabolites, we extracted 2 ml haemolymph samples 10 -15 min post-injection, flash-froze these samples in liquid nitrogen and stored them at 2808C until analysis via spectrophotometric assays (see electronic supplementary material, methods). Most metabolite solutions were saturated to maximize the dose administered to crickets, with the exception of glycerol and PEG solutions, which were diluted to a viscosity suitable for injection.
We froze crickets 20-30 min post-injection using recently described methods [25] . Briefly, crickets were cooled to the target temperature (28 or 2128C) at 0.258C min 21 , held at the target temperature for the time described above (1.5 h or 7 days) and rewarmed to 68C at 0.258C min 21 . After thawing, crickets were transferred to individual mesh-covered 180 ml transparent cups for recovery at 158C. We assessed survival as the ability of crickets to move in response to gentle prodding within 48 h of recovery. We compared the survival of cryoprotectant-injected crickets to Ringer's-injected (control) crickets from the same freeze treatment using a generalized linear model with a binomial distribution and we tested the fit with Wald's x 2 using the package MASS in R [28] .
(d) Ex vivo manipulations of putative cryoprotectants
To test the function of putative cryoprotectants in cellular freeze tolerance, we froze fat body tissue ex vivo in a solution containing exogenous metabolites. We tested whether these metabolites could confer freeze tolerance on fat body tissue extracted from freeze-intolerant crickets. We froze this fat body tissue to 288C for 10 min, a treatment that is survivable for fat body cells from freeze-tolerant crickets [25] . In addition, we determined whether each metabolite could improve freeze tolerance of fat body cells extracted from freeze-tolerant crickets; we froze the fat body cells to the cellular LLT (2168C for 10 min) and for the cellular Lt (288C for 24 h) [25] .
To expose fat body to exogenous cryoprotectants ex vivo, we dissected fat body tissue from freeze-tolerant and freeze-intolerant G. veletis and transferred the tissue into a 0.6 ml tube containing 2 ml silver iodide (AgI) and 10 ml Grace's Insect Medium (Sigma Aldrich) or 10 ml metabolite solution in Grace's Insect Medium. The AgI was added to ensure extracellular freezing began at a uniform temperature (approx. 248C) for all samples. 'Low' metabolite concentrations mimicked freeze-tolerant G. veletis haemolymph concentrations of putative cryoprotectants (30 mM myo-inositol, 30 mM proline, 70 mM trehalose and a combination of 30 mM myo-inositol, 30 mM proline and 70 mM trehalose) or similar molecules (140 mM glucose, 30 mM glycerol, 0.3 mM PEG). Each metabolite was also tested at a 'high' concentration: 300 mM myo-inositol, proline, trehalose, glucose, glycerol, 3 mM PEG and a combination of 300 mM each myo-inositol, proline and trehalose.
Ex vivo freeze treatments began within 15 min of dissection, as described recently [25] . Samples were cooled at 0.258C min 21 to the target temperature (28 or 2168C), held at the target temperature for the time described above (10 min or 24 h) and rewarmed at 0.258C min 21 to 68C. After thawing, we transferred fat body samples to tubes containing 10 ml G. veletis Ringer's solution and determined cell viability by live-dead staining with DAPI and propidium iodide as described recently [25] . We calculated the average proportion of live cells from three replicates of fat body samples from eight crickets for each freeze treatment Â cryoprotectant combination. We compared survival of cells frozen in cryoprotectant solutions to those frozen in Grace's Insect Medium (control) from the same freeze treatment in R using a generalized linear model with a binomial error distribution. in freeze-tolerant crickets during acclimation (figure 2), and we therefore identified them as potential cryoprotectants.
Results
With spectrophotometric assays, we verified that the concentration of these metabolites in haemolymph from acclimated crickets was 30.0 + 2.6 mM (myo-inositol), 23.7 + 2.9 mM ( proline) and 70.3 + 5.2 mM (trehalose). The concentrations of other haemolymph metabolites totalled approximately 30 mM in both freeze-tolerant and freeze-intolerant crickets (electronic supplementary material, dataset). 
(b) Injection increases haemolymph metabolite concentrations
Injection of myo-inositol, proline or trehalose solutions (or a combination of all three) into freeze-intolerant crickets elevated concentrations to those measured in freeze-tolerant cricket haemolymph, or higher, within 30 min of injection (figure 3a-c). Injection of these solutions into freeze-tolerant crickets elevated their haemolymph concentrations by at least 40 mM (figure 3a-c). When we injected metabolites that freeze-tolerant G. veletis do not accumulate, glucose and glycerol concentrations increased above 100 mM in both freeze-tolerant and freeze-intolerant crickets, while PEG (which at 8000 g mol 21 is a very large molecule) increased to approximately 3 mM (figure 3d-f). Injection increased haemolymph metabolite concentrations by 33 -100% more in freeze-tolerant than freeze-intolerant crickets (figure 3), suggesting that freeze-tolerant G. veletis have lower haemolymph volumes of that freeze-intolerant G. veletis metabolize the cryoprotectants more rapidly.
(c) Exogenous metabolites enhance survival of freeze-tolerant G. veletis or their tissues
No freeze-intolerant crickets survived a moderate freeze treatment following injection with myo-inositol, proline, trehalose or a combination of all three (figure 4a). Similarly, glucose and PEG injection had no impact on survival of freezeintolerant G. veletis (figure 4a). However, a small proportion (less than 20%) of freeze-intolerant crickets injected with glycerol survived freezing (figure 4a). Fat body dissected from freeze-intolerant G. veletis had low cell survival when frozen ex vivo with exogenous myo-inositol, proline, trehalose, PEG or glucose (figure 4b). High concentrations (300 mM) of exogenous glycerol reduced freeze injury of freeze-intolerant cricket fat body frozen ex vivo (figure 4b). Elevated haemolymph concentrations of both trehalose and glycerol improved survival of freeze-tolerant G. veletis frozen to the LLT (figure 4c). When we froze freeze-tolerant cricket fat body tissue ex vivo to the cellular LLT, 'high' concentrations (300 mM) of exogenous myo-inositol and glycerol improved cell survival (figure 4d ). Injection of proline, trehalose and glycerol increased the proportion of freeze-tolerant crickets that survived being frozen for the Lt (figure 4e). High concentrations of exogenous myo-inositol and trehalose protected cells from freeze-tolerant crickets frozen for the cellular Lt (figure 4f ). We did not see these effects of improved cell survival ex vivo with 'low' concentrations of any metabolite ( figure 4d,f ) . Injecting a combination of myo-inositol, proline and trehalose had similar effects on survival of freeze-tolerant G. veletis to that of proline (Lt) or trehalose (Lt and LLT) alone (figure 4c,e). Survival of freeze-tolerant fat body cells frozen with a combination of myo-inositol, proline and trehalose (300 mM each) did not differ from the survival of fat body cells frozen with 300 mM myo-inositol (LLT and Lt) or trehalose (Lt) alone (figure 4d,f ). royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190050 metabolomic observations from other cold-tolerant insects (e.g. [5, 6] ). In combination, the accumulation of myo-inositol, proline and trehalose in freeze-tolerant G. veletis could account for approximately 100 mOsm of approximately 250 mOsm increase in haemolymph osmolality associated with acclimation [25] . We predict that this cryoprotectant accumulation would have two colligative effects: (1) decreasing the temperature at which ice forms and (2) decreasing ice content. However, both of these effects will be small. An additional 100 mOsm from these cryoprotectants will depress the SCP by only 0.4 -0.68C, and the entire 250 mOsm change will depress the SCP by approximately 1.48C [29] . Small increases in haemolymph osmolality can cause large differences in ice content at high sub-zero royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190050
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temperatures [30, 31] . In theory, an additional 100 mOsm will reduce ice fraction by 13%, and 250 mOsm by 20%, at 228C. However, this effect is diminished at lower temperatures: for instance, an approximately 100 mOsm increase in osmolality of larval D. melanogaster haemolymph reduces maximum ice fraction by only 3% at approximately 288C [31] . Freeze-tolerant G. veletis freeze at approximately 268C [25] , and we therefore do not expect the small concentration increase to have a sufficient colligative effect on ice content to modify survival, unless freezing is inoculated at high temperatures (greater than 228C) by external ice [30, 31] . Trehalose and proline are low molecular weight cryoprotectants commonly accumulated by freeze-tolerant insects [3, 5] . Gryllus veletis accumulated these metabolites at haemolymph concentrations similar to those found in other freeze-tolerant orthopterans; for example, H. maori (approx. 40-80 mM proline, 15 mM trehalose [7, 22, 32] ) and the great grig Cyphoderris monstrosa (approx. 10 mM proline, 20 mM trehalose [8] ). myo-Inositol has been reported in other cold-hardy insects [5] and at least one freeze-tolerant cockroach [33] , but to our knowledge, this is the first report in a freeze-tolerant orthopteran. However, accumulation of these low-molecular-weight cryoprotectants is not unique to freeze-tolerant insects: chill-tolerant Drosophila spp. adults can accumulate myoinositol, proline and/or trehalose [34, 35] , and many freeze-avoidant insects accumulate similar metabolites [5] . We therefore conducted functional assays to determine whether these cryoprotective metabolites specifically impact survival in the frozen state and the limits of cryoprotectant function.
(b) Low-molecular-weight cryoprotectants facilitate survival in the frozen state
Although freeze-tolerant G. veletis do not accumulate glycerol, our results support its function as a cryoprotectant [2, 5] . Increased concentrations of glycerol conferred freeze tolerance on a small proportion of freeze-intolerant G. veletis. Similarly, high exogenous glycerol concentrations increase freezing survival in less than 10% of (normally chill-susceptible) D. melanogaster larvae [9] . Glycerol also protected freezeintolerant G. veletis fat body cells frozen ex vivo, similar to ex vivo experiments with C. suppressalis fat body cells frozen in 250-750 mM glycerol [19] and P. isabella foregut cells frozen with 1 M glycerol [20] . Our combination of in vivo and ex vivo functional assays suggest that, in insects that accumulate it, high concentrations of glycerol may contribute to whole animal freeze tolerance by improving cell survival. Furthermore, we demonstrate that-going forward-G. veletis may be a useful system for evaluating the in vivo or ex vivo cryoprotective function of other naturally occurring or synthetic cryoprotectants. Our experiments in freeze-intolerant crickets demonstrated that none of the endogenous G. veletis cryoprotectants (myoinositol, proline and trehalose) could confer freeze tolerance on freeze-intolerant crickets or their tissues. Thus, although the injection of these metabolites into freeze-intolerant crickets temporarily elevated haemolymph concentrations to those observed in freeze-tolerant G. veletis, these cryoprotectants had less impact on freeze tolerance than glycerol. However, trehalose and proline injection improved survival of freezetolerant crickets frozen to their lethal limits, suggesting that these molecules facilitate survival in the frozen state, but only when paired with other changes associated with acclimation. Similarly, myo-inositol and trehalose improved cell survival of fat body tissue frozen ex vivo from freezetolerant but not freeze-intolerant crickets. This is consistent with D. melanogaster larvae, where increased in vivo [ proline] alone is not sufficient for freeze tolerance, but a combination of elevated [proline] and dormancy-inducing cold acclimation induces freeze tolerance [9, 36] . We hypothesize that cryoprotectants such as myo-inositol, proline and trehalose only facilitate G. veletis freeze tolerance in concert with other changes induced during acclimation, such as upregulation of cryoprotectant transporters or other changes (e.g. cell membrane composition, cytoskeletal stability) that may improve cell survival [24, [37] [38] [39] .
(c) Cryoprotectants probably function via non-colligative mechanisms
The data from our functional experiments in G. veletis do not support the hypothesis that low-molecular-weight cryoprotectants facilitate survival in a solely colligative (concentration-dependent) manner, either in vivo or ex vivo. Each cryoprotectant that improved survival of freeze-tolerant G. veletis or their tissues did so under a unique combination of conditions, suggesting they are not functionally interchangeable: myo-inositol only enhanced fat body cell survival ex vivo, proline only increased whole cricket survival at the Lt, and trehalose and glycerol both improved whole animal and fat body cell survival. The metabolites that improved survival at the whole animal LLT or Lt (trehalose and glycerol) were at similar or lower haemolymph concentrations to cryoprotectants that did not impact survival (myo-inositol, proline and glucose), further suggesting that cryoprotectant function is not solely dictated by concentration. Similarly, a combination of myo-inositol, proline and trehalose did not improve survival beyond the effect of individual cryoprotectants (e.g. proline or trehalose at the Lt), despite the higher osmolality associated with the combination. Our results complement those from C. costata, where colligative reduction of ice content (by proline accumulation) does not explain their strong freeze tolerance [31] . Three (not mutually exclusive) hypotheses could account for the different effects of each cryoprotectant on survival in the frozen state: (1) each cryoprotectant may have a unique non-colligative function and contribute to freeze tolerance via mechanisms distinct from other cryoprotectants [40] ; (2) cryoprotectants may have similar functions but different 'potency' in those functions; and (3) tissue permeability to cryoprotectants may differ, affecting their ability to protect cells and their components. myo-inositol, proline and trehalose may contribute to freeze tolerance via a combination of unique and overlapping non-colligative mechanisms. These mechanisms could mitigate the challenges associated with ice, low temperature itself (irrespective of ice formation) or the stresses experienced during or after thawing [3] . For example, myo-inositol can impact hydrogen bonding dynamics of water, potentially regulating ice structure [41] , a role that is distinct from the macromolecular stabilization roles attributed to trehalose and proline. Trehalose and proline can stabilize soluble macromolecules in vitro [16, 17] and may improve survival by preventing macromolecule instability induced by low temperatures (e.g. cold denaturation of proteins) or damage royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190050 over time by harmful metabolites. Trehalose is also a well-known anhydroprotectant [10, 42, 43] and may therefore mitigate dehydration stress associated with high ice content at low temperatures. Both trehalose and proline are readily catabolized [44, 45] and may therefore contribute indirectly to survival by fuelling repair and recovery post-thaw, mitigating challenges associated with energy drain. Trehalose improved freeze tolerance under more conditions than proline and may therefore be a more potent cryoprotectant. To test potential non-colligative functions and potency of cryoprotectants, future experiments should determine the extent to which each cryoprotectant reduces macromolecule damage accumulation or energy drain in frozen G. veletis. In addition, testing whether cryoprotectant injection improves survival at low temperatures of freeze-intolerant crickets (independent of freezing) could tease apart whether cryoprotectants are important for preventing cold-rather than ice-induced injuries.
We expect that cryoprotectants must be intracellular to protect most macromolecules and therefore hypothesize that cell membrane permeability is important for cryoprotectant function. Our polyol experiments support this hypothesis: glycerol-which is small and highly permeable to cells [19] -improved survival of both freeze-intolerant and freeze-tolerant crickets (and their cells), but the large, cell-impermeable PEG did not. While PEG was at lower concentrations than glycerol (therefore exerting a smaller osmotic effect), the amount of PEG we injected should present a similar quantity of hydroxyl functional groups to glycerol. Trehalose transporters are probably required to facilitate the protective function of trehalose [43, 46] , and we speculate that upregulation of trehalose transporters in the fat body of freeze-tolerant G. veletis [24] could partially account for trehalose-facilitated survival of freeze-tolerant crickets and their fat body tissue at most of the lethal limits. Conversely, there is no evidence for upregulation of myo-inositol or proline transporters in fat body tissue of freeze-tolerant G. veletis [24] , which may limit the function of these cryoprotectants. Additional research is required to determine whether cryoprotectants permeate different cell types of freeze-intolerant and freeze-tolerant insects and how this impacts cell survival in the frozen state.
Conclusion
While metabolomics experiments continue to identify a (relatively short) list of cryoprotectants associated with cold tolerance, very few studies have examined the function of these metabolites in vivo. Here, we showed that accumulation of cryoprotectants (myo-inositol, proline and trehalose) is associated with G. veletis freeze tolerance, but no cryoprotectant (alone or in combination) is sufficient to confer freeze tolerance on freeze-intolerant crickets. We manipulated cryoprotectant concentrations to enhance survival of freezetolerant G. veletis and their cells at their lethal limits, revealing that cryoprotectants do function in freeze tolerance, but probably in concert with other as-yet-unidentified changes to cellular function. Our functional experiments suggest that cryoprotectants contribute to freeze tolerance largely via non-colligative mechanisms. While our experiments are not comprehensive, this warrants further exploration of how these cryoprotectant roles differ in insect freeze tolerance, with implications for the use of these molecules in cryopreservation for biomedical purposes.
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